A Comparison of the Genomes of Polioviruses by eDNA :RNA Hybridization (Accepted 25 March 1981)

SUMMARY
RNAs from 11 strains of the three serotypes of poliovirus were isolated from infected HeLa cells and hybridized with representative, radioactive complementary DNA (cDNA) from either poliovirus type 1 or type 2. Hybridization and thermal denaturation were analysed by bydroxyapatite chromatography, cDNA to either poliovirus type 1 or 2 is competent to detect about 70 to 80 % of the sequences in RNAs from heterotypic strains and more than 92% of the RNA sequences in homotypic strains. The three polio serotype genomes appear to have diverged from each other by about 20%. Both poliovirus type 1 and type 2 representative cDNA can be used for the detection of poliovirus genomic sequences in RNA isolated from tissue.
Three types of poliovirus are recognized on biological and antigenic grounds. RNA : RNA hybridization studies have suggested that there is from 25 to 50% homology between the three types (Young, 1973a, b; Young et al., 1968 , Cumakov et al., 1979 . However, data obtained by RNase T, fingerprinting of the RNA from poliovirus types 1 and 2 (Frisby et al., 1976; Lee et al., 1979; Lee & Wimmer, 1976) , and similar comparison of the RNAs from four strains of poliovirus type 3 also showed that there were no large common oligonucleotides (Minor, 1980) . Determinations of nucleotide sequence of the 3' terminal sequences of picornavirus RNAs show that there is at least 60 % homology between the three types (Porter et al., 1978) .
For the detection of poliovirus, or poliovirus-like sequences in human tissue RNA, we needed to know whether a complementary DNA (eDNA) made from the RNA of one poliovirus type could be used to detect poliovirus sequences from the other two serotypes. Since the published data were inconsistent, we examined the extent and T m of hybridization reaction between RNAs of 11 strains of the three poliovirus serotypes and representative eDNA made from virion RNA of poliovirus type 1 (Mahoney) and type 2 (MEF-1) in order to compare homologies among the poliovirus genomes.
HeLa cells were obtained from Dr B. Tseng, poliovirus strains were obtained from the American Type Culture Collection, purified virion RNA from poliovirus type 1 (Mahoney) was the gift of Dr B. Semler and RNA from type 2 poliovirus virions (MEF~I) was the gift of Dr D. Kohne. Extremely pure avian myeloblastosis virus (AMV) reverse transcriptase, capable of transcribing full-length poliovirus cDNA, was the generous gift of Dr J. Myers.
[3H]dTTP (50 Ci/mmol) was bought from New England Nuclear and DNA-grade hydroxyapatite from Bio-Rad. Sodium phosphate buffers (PB) were made from a 4.8 M-PB stock (equimolar in dibasic and monobasic salts) and concentrations verified by refractive index.
HeLa cells infected with different strains of poliovirus were grown in SMEM (minimal essential medium-spinner salts) plus 10% foetal calf serum (Gibco). Infected cells were harvested 5.5 to 6 h after infection. Cells were washed twice in phosphate-buffered saline by centrifugation, and the cell pellets stored at --70 °C until use. They were thawed on ice and suspended in 3 to 4 ml TNE (0.01 M-tris pH 7.5, 0.1 M-NaC1, 0.001 M-EDTA). 10 to 15 ml N099-1 "~ ! 7/R !/0000-4557 $02.00 (~) 1981 SGM Short communications of a buffer consisting of 0.5 M-NaC1, 0.02 M-EDTA, 0.01 M-tris pH 7.5, 1% SDS, 0.5% Sarcosyl were added, the cells lysed by vigorous shaking, and the lysate extracted with phenol :chloroform three times at room temperature, followed by ethanol precipitation at -20 °C. Precipitated nucleic acid was collected by centrifugation and the pellet suspended in 4 ml sterile water. The solution was made 2 M in LiC1 from a sterile filtered 10 M-LiC1 stock solution and placed at 4 °C for 14 to 20 h. This was centrifuged for 45 min at 7700 g at 1 °C, the supernatant carefully withdrawn and the soft pellet resuspended in 4 ml sterile water. The nucleic acids were then precipitated by LiCI twice more. Following the final precipitation, the pellet was suspended in water and precipitated with ethanol. The pellet was rinsed with 70 % ethanol/water, dried, redissolved in 1/10 TNE and the absorbance determined at 260, 280 and 320 nm. RNA was stored at -70 °C. The ratio ofA26o/A2s o was generally greater than 1.95.
To assess the quality of the polio virion RNA intended as template for reverse transcriptase synthesis of eDNA, the RNA was sized in neutral sucrose gradients using [aH]-polydeoxythymidylate as described elsewhere (Tracy & Kohne, 1980) . Both polio RNA types exhibited one sharp peak at 34S to 35S relative to the 18S and 28S rRNA markers (data not shown).
[3H]cDNA was transcribed from purified polio virion RNA with AMV reverse transcriptase at 40 °C for 60 min essentially as described by Kacian & Myers (1976) .
[3H]dTTP (50 Ci/mmol) was used in the reaction at 0.12 mM. The specific activity of the eDNA was calculated to be 6.9 x l0 T d/min/#g, cDNA synthesis was monitored by sampling aliquots of the reaction on to Whatman DE81 paper (Blatti et al., 1973) . Synthesis was halted by the addition of 50 pl 0.1 M-EDTA, 1% Sarcosyl, 200 pg/ml sheared single-stranded salmon sperm DNA, before extraction twice with phenol :chloroform, and passage of the aqueous phase over a 10 ml column of Sephadex G-100 (Pharmacia) in a plastic pipette equilibrated in TNE, 0.1% Sarcosyl. Fractions containing eDNA were pooled and ethanol-precipitated. The precipitate was resuspended in 0.3 M-NaOH, 0.7 M-NaC1 (0.1 ml), layered on to a 5 to 20% (w/v) alkaline sucrose gradient in the same buffer, and the gradient centrifuged in the Beckman SW50.1 rotor at 45 000 rev/min, 10 °C (no brake) for 5 h. The gradient was fractionated from below and 10 ~1 aliquots removed for determination of radioactivity. Fractions containing high-mol, wt. cDNA (greater than 17.5S) were pooled, neutralized with sodium acetate pH 5.1 and ethanol-precipitated with 20 pg/ml glycogen as carrier. The ethanol precipitate was resuspended and fractionated as above, eDNA shown to be 18S was then sonicated to 300 to 500 bases long with a Branson W185 Sonifier and stepped microtip as described elsewhere (Tracy, 1979) .
About 3000 ct/min (0.13 ng) of sonicated poliovirus [3H]cDNA was hybridized to at least a 1700-fold excess of poliovirus-infected HeLa cell RNA in 0-48 M-PB at 68 °C for varying times (see Table 1 ). A reaction vol. of 10 ~1 was used overlaid with sterile mineral oil. The nucleic acids were denatured for 5 min at 68 °C and then quickly chilled in -20 °C ethanol prior to addition of the PB. When the reaction was complete, the mixture was diluted with 20 #1 sterile water, and then further diluted with 2 ml 0.14 M-PB at room temperature. The assays were completed within 1 h of sampling.
The extent of hybridization of the cDNA with the RNA was measured by applying the sample to the HA at 60 °C in 2 ml 0.14 M-PB under pressure, followed by a 5 ml wash with the same buffer. The 7 ml were collected into a thin-wall plastic scintillation vial. Next, 2 x 3.5 ml washes of 0.14 M-PB were collected into another vial. The cDNA:RNA hybrid fraction was collected with 3 ml 0.3 M-PB into a vial containing 4 ml water. Finally, the HA bed was dissolved with 2 ml 6 M-HCI, the column rinsed with 5 ml water, and this collected in a fourth vial. To each vial was added 14 ml BetaPhase (WestChem), the vials shaken and cooled on ice prior to counting in a Searle Delta 300 Liquid Scintillation Counter. The background was 24 ct/min and standards were used to correct the efficiencies of counting in the 0.3 M-PB and HC1 fractions to the efficiency in the 0.14 M-PB-containing fractions.
Thermal denaturation studies were performed as above as far as the second wash with 7 ml 0.14 M-PB. The column temperature was then lowered to 58 °C and the buffer changed to 0.12 M-PB. The column was washed at 58 °C with 7 ml 0.12 M-PB, and then at 60 °C with the same amount of buffer. Thereafter, the column temperature was raised in 4 to 6 °C increments, the HA bed being washed at each stage with 7 ml 0.12 M-PB. Determination of radioactivity in each fraction was done as described above. Kacian & Myers (1976) showed that essentially full-sized poliovirus eDNA sedimented at 18S in alkaline sucrose gradients. Since for the studies presented here, it was necessary to use a eDNA which contained as much of the poliovirus genomic sequences as possible, only cDNA sedimenting at 18S was selected for use. After isolation, the eDNA was again sized on alkaline sucrose gradients to verify the S value of the selected eDNA. Both type 1 and 2 cDNAs exhibited a sharp peak at 18S after selection in alkaline sucrose, relative to the fd bacteriophage DNA marker. Approx. 9 to 11% of the total reverse-transcribed cDNA was isolated as 18S material (data not shown).
The results of the hybridization of poliovirus type 1 and 2 cDNAs to all three types of poliovirus-infected cellular RNAs are summarized in Table 1 . As expected, the eDNA of one type hybridizes optimally to RNAs of other strains of the same type. It is also clear that, within a type~ a eDNA can differentiate between strains. For example, eDNA made to type 2 RNA (MEF-1) showed a variation from 65.3 % reaction (Fox)to 81.2% reaction (WM-3) when hybridized to RNA from type 3 strains. A cDNA could also be used to differentiate between the RNAs of homotypic strains; type 2 cDNA (MEF-1) showed 92.8 % reaction with type 2 strain, Lansing, but greater than 98 % with type 2 strains MEF-1 and W2.
The extent of hybridization was also determined by thermal denaturation experiments (Table 1) . As expected, the extent of reaction agreed well with the extent of hybridization obtained by the thermal denaturation experiment.
Thermal denaturation profiles for the data presented in Table 1 are displayed in Fig. 1 . The data have been normalized to the eDNA eluting above 60 °C. Type 1 cDNA exhibits, on the average, a -12 °C T m difference with either type 2 or 3 RNAs. Type 2 eDNA seems less related to types 1 or 3 (average zJTrn = --14 °C). Using the figure of approx. 1.5 % base pair differences per °C T m difference, the eDNA to type 1 is on the average 18 % different from that of types 2 or 3 while the eDNA to type 2 is about 21% different from that of types 1 or 3.
The data presented here show that a eDNA made to one poliovirus type RNA may be used to detect approx. 70 to 80% of the heterotypic polio RNA sequences and greater than 93 % of the homotypic sequences (Table 1) . Poliovirus cDNA made to either type 1 or 2 RNA cannot differentiate between the heterotypic RNAs on the basis of melting temperature (Tin) ( Table 1) . While poliovirus type 2 eDNA exhibits a greater average extent of homology to type 1 RNA (82.5 %) than to type 3 RNA (70.4 %), the extent of an individual hybridization cannot be reliably used to differentiate types using a polio type 2 cDNA due to the range in the hybridization values.
It is clear that either type 1 or type 2 eDNA could be used for the detection of similar poliovirus sequences in human tissue RNA. It has been argued (Young, 1973a) that the inability to detect 25 to 30% of heterotypic poliovirus RNA sequences is not due to deletions in the poliovirus genomes. Neither is it likely that this is due to lack of such sequences in the eDNA used in this study due to the isolation and use of essentially full-sized polio eDNA. The undetected sequences are probably so different as not to hybridize under the criterion used. This is in part supported by the observations of Young et al. (1968) and Young (1973 b) who used RNA : RNA hybridization under stricter conditions, and found that the maximum intertypic homology was about 50 %.
Defective-interfering (DI) particles, suggested as important in virus persistence and slow viral diseases (Huang & Baltimore, 1976) , are examples of incomplete genomes in which [3H]cDNA (type 2, MEF-1 strain) hybridized to poliovirus RNAs (d) types 1, (e) types 2, (f) types 3. x, type 1, strain Brun; O, type 1, strain Chat; O, type 1, strain Holl; ~, type 1, strain LSa; A, type 1, strain Mahoney (cDNA template RNA); *, type 2, MEF-1 (cDNA template RNA); +, type 2, strain MEF-I ; (9, type 2, strain Lans; I, type 2, strain W2; XT, type 3, strain Fox; V, type 3, strain LH; 13, type 3, strain Leon; IS], type 3, strain WM-3. (Young et aL, 1968) , then even if incomplete polio genomes were present in an RNA population a eDNA to either type 1 or 2 could be used as a hybridization probe to detect the presence of such sequences.
Hybridization of polio cDNAs to homo-and heterotypic polio RNAs
